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Abstract Resonance ionization mass spectrometry was
used to measure the composition of the sputtered flux from
15 keV Ga™, Au", Au," and Aus™ primary ions impacting
a 25U enriched U;Og standard. We demonstrate that
molecular fragmentation decreases as the primary ion mass
and nuclearity increases. Stopping and range of ions in
matter calculations show that cluster ions (Au,™ and Auz™)
deposit more of their energy via direct knock-ons with
near-surface target atoms, whereas monatomic ions (Ga™
and Au™) penetrate much deeper into the target sub-surface
region. We correlate these results to the experimental
observations by showing that increased cluster ion sputter
yields partition the projectile energy over a larger number
of sputtered molecules. Therefore, while cluster ions
deposit more total energy into the near surface region of the
target compared to monatomic ions, the energy per mole-
cule decreases with projectile mass and nuclearity. Less
energy per molecule decreases the number of U-O bond
breaks and, consequently, leads to a decrease in molecular
fragmentation. Additionally, the extent of molecular frag-
mentation as a function of ion dose was evaluated. We
show that molecular fragmentation increases with
increased ion dose; primarily as a result of sub-surface
chemical damage accumulation. The relative intensity of
this effect appears to be projectile independent.
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Introduction

The increasing threat of nuclear weapons development has
prompted the use of a number of mass spectrometry tech-
niques charged with the task of determining the isotopic
composition of trace amounts of radionuclides from a
diverse set of materials [1-11]. A major focus for these
types of measurements is on improving the sensitivity for
the detection of uranium and transuranic isotopes in the
presence of isobaric interferences without the need for
complex and time-consuming sample preparation methods.
Recently, secondary ion mass spectrometry (SIMS) has
shown promise as an effective tool for the analysis of
nuclear materials with high sensitivity and minimal sample
preparation [12-15]. The sensitivity of SIMS is often
defined by useful yield: the number of ions detected over
the number of atoms removed during the analysis. SIMS
analysis of U3;Og standards has achieved useful yields of
1-2 % using high mass resolution, multi-collector instru-
ments [13].

Analytical resonance ionization mass spectrometry (RIMS)
uses wavelength tunable lasers to selectively ionize atoms
desorbed from solid surfaces either by ion sputtering or laser
heating. The resulting sputtered flux is composed of secondary
ions and neutrals characteristic of the sample surface chem-
istry. In our RIMS instruments, the ion component of the
sputtered flux is suppressed electrostatically prior to photo-
ionization of the sputtered neutrals. The neutral atoms of
interest are then selectively ionized using one or two lasers
with wavelengths chosen to match specific atomic resonance
transitions. These electronically excited atoms are ionized
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using an additional laser with a wavelength corresponding to
an autoionizing resonance of the element of interest. Photoions
are extracted into a time-of-flight mass spectrometer (TOF-
MS) and detected using a multi-channel plate (MCP) ion
detector.

Transitioning from standard samples to more complex
materials can become increasingly more complicated due
to the presence of isobaric interferences. While large
geometry SIMS instruments have been used to analyze
uranium oxide reference materials with high precision,
SIMS can be hindered by mass coincidences from same-
mass isotopes, hydrides and other molecular compounds
[13]. RIMS achieves its selectivity spectroscopically and,
therefore, is capable of overcoming these isobaric limita-
tions. Unfortunately, it is this very selectivity that often
limits the useful yield of RIMS measurements. The useful
yield of RIMS experiments depends heavily on the sample
being analyzed; i.e. the useful yield for U atoms from
reduced U metal is significantly larger than from U3Og.
This is primarily a result of variations in the composition of
the sputtered flux. Previous work [unpublished] has shown
that ion sputtering of U3Og produces mainly uranium oxide
(UOy) molecules rather than U atoms. Since RIMS is only
sensitive to the specific element of interest, the useful yield
for U atoms from these materials is significantly reduced.
We investigate several ion sputtering regimes to better
understand the mechanisms that lead to projectile depen-
dent molecular fragmentation.

Experimental

A CRM U500 standard material was used for all analysis
reported herein. The CRM U500 was composed of sintered
aggregates of micrometer sized U;Og grains pressed into
indium foil. Additionally, the CRM U500 was isotopically
enriched in **°U to a 1:1 ratio with ***U. The CRM U500
standard material was mounted to a sample holder and
entered into the vacuum chamber without any further
sample preparation.

RIMS analyses were performed on the CHARISMA
instrument at Argonne National Laboratory; described in
detail elsewhere [16]. Briefly, a solid target is sputtered
using a 15 keV ion beam (Ga™t, Au™, Au,* or Aus) from
a liquid metal ion source (IOG 25, Ionoptika Ltd.) and
focused to a spot size of ~10 pm. Secondary ions gener-
ated from the ion bombardment are ejected using a +4 kV
bias voltage. After a short, field-free duration, the sec-
ondary neutrals are intersected with three, pulsed laser
beams at ~ 1 mm from the sample surface. The lasers are
wavelength tunable Ti:sapphire systems that have been
described in detail elsewhere [16, 17]. The laser wave-
lengths are tuned to excite two resonance transitions and an
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autoionizing state to selectively ionize neutral U atoms
within the sputtered flux. The 3-color, 3-photon RIMS
scheme for U atoms used herein was adapted from work by
Schumann et al. [18] and is described in detail by Isselhardt
and co-workers [19]. The resonantly ionized U atoms are
then extracted into a reflectron-type TOF-MS at +2 kV
and focused onto a MCP ion detector. Single ion event
signals from the ion detector were digitized by a time-to-
digital board (P7889, FAST ComTec GmbH). The result-
ing mass spectra are typically a summation of 10,000
individual analysis cycles acquired at a repetition rate of
1 kHz. For experiments performed at increased primary ion
duty cycle, a second primary ion pulse was added to each
analysis cycle ranging from 5 to 400 ps; permitting duty
cycles as large as 40 %.

Although specifically targeted at neutral U atoms, the
RIMS scheme used herein also inadvertently ionizes UO,
molecules. The photoionization of UO, molecules origi-
nates from a 1 4 1 resonance enhance multi-photon ioni-
zation (REMPI) process involving the 1st resonance laser
(415.511 nm) from the RIMS scheme. Despite the small
photoionization cross-section for this process compared to
U atoms, the laser power (150-500 mW) used in these
experiments is high enough to ionize both UO and UO,
species.

Results and discussion

The nature of ion—solid interactions is primarily governed
by the efficiency of energy transfer from the primary ion to
the surface and sub-surface atoms. Ion sputtering can be
described by a sequence of elastic collisions between point
particles [20]. In this process, the bombarding ion transfers
its energy to the target atoms, thereby initiating a series of
collision cascades within the near-surface region; although
much of the energy of the projectile is deposited much
deeper within the bulk. Collisions that recoil back through
the sample surface result in sputtered material; whereas,
collisions occurring at greater penetration depths lead to
sub-surface chemical damage. Until recently, ion beam
analysis of surfaces used only monatomic ions such as Ar™,
Ga™ and In*; however, the advent of cluster ions sources
has led to a paradigm shift in the way we think about ion—
solid interactions. Cluster ion beams such as Auzt, Biy™
and Cg" provide ~3 orders of magnitude increase in
sputter yield as compared to monatomic ion sources
[21-23]. This is because, unlike the collision cascade
generated by monatomic ions, cluster ions deposit a
majority of their energy within the first few nanometers of
the surface. The observed cluster ion sputter yields increase
non-linearly with cluster nuclearity; indicating a significant
deviation from the collision cascade model.
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In addition to primary ion dependent variations in
sputter yield, it is possible to measure the kinetic energy
distribution of sputtered material using sophisticated pho-
toionization techniques [24-27]. These methods can pro-
vide insight into the mechanism of energy transfer from the
primary ion to the surface and sub-surface atoms. The
analysis of molecular solids, however, is significantly more
complicated due to the partitioning of energy imparted to
the sputtered molecules into various fragmentation path-
ways. This makes it increasingly difficult to infer specific
details about the internal energy distribution of the sput-
tered molecules from the kinetic energy distribution. The
complexity of the mass spectra obtained from molecular
solids, however, can be used to our advantage in this sit-
uation. The mass spectra of molecular species often contain
parent mass peaks (UO, and UO molecules) and fragment
mass peaks (U atoms). The extent of fragmentation can be
determined simply by taking the ratio of ion counts in the
parent mass over the ion counts in the fragment masses (M/
F). Previous work has indicated that the M/F of poly-aro-
matic hydrocarbons (PAHs) as well as the specific frag-
mentation pathway (carbon loss compared to hydrogen
loss) can be correlated to the average internal energy of the
sputtered flux [28, 29].

Variations in the extent of fragmentation of sputtered
molecules are known to be projectile dependent. Cluster
ion sputtering of polymers has been shown to increase the
probability of direct impacts (or knock-ons) with target
atoms compared to monatomic ions resulting in ejection of
predominantly molecular fragments [30, 31]. In contrast,
previous work comparing the sputtering of PAHs with Au™
and Cg' showed that molecular fragmentation was
reduced with cluster ion sputtering [29]. It is clear that the
extent of molecular fragmentation in any system is heavily
dependent on the material being analyzed as well as the
nuclearity and mass of the primary ion probe. The efforts
described herein focus on ion sputtering of U3;Og with a
number of different primary ions (Ga™t, Au™, Au,t, Aug™).
By comparing the ratio of the parent mass to the fragment
mass ions as a function of primary ion mass and nuclearity,
we aim to determine the effects of cluster ion sputtering on
the useful yield of U atoms from U3Os.

Mass spectra are shown in Fig. 1. Peaks correspond to
resonantly ionized U atoms and UO, molecules ionized via a
1 + 1 REMPI process. Photoionization cross-sections for
each of these species have been calculated previously
[unpublished] using the saturation ionization technique [32].
This technique allows for direct conversion of the observed
ion signals into the composition of the sputtered flux. The
data in Table 1 illustrates the need to adjust each ion signal
according to its cross-section in order to obtain the correct M/F
ratios and percent compositions of U atoms in the sputter flux.
The M/F ratios in each case consider the UO, and UO
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Fig. 1 Mass spectra obtained by ion sputtering of U3Og with 15 keV
Aust, Au,*, Aut and Ga*t. Characteristic mass peaks include U,
28+ 235ylog+ 238160+, 2357710, * and 233U 1°0,*

molecules as two separate parent masses with U atoms as the
fragment mass. This treatment of the data is used for sim-
plicity and does not include the full complement of known
fragmentation pathways for gas phase UO, molecules [33].
The M/F ratios (UO,/U and UO/U) for each primary ion
as a function of its mass are shown in Fig. 2. Clearly, the
M/F increases and, therefore, the extent of fragmentation
of UO, molecules to U atoms decreases with increased
mass of the primary ion. In addition, this decreased frag-
mentation is enhanced non-linearly as a function of pri-
mary ion nuclearity; i.e. the M/F ratio (UO,/U) from Aus™
bombardment is 8.5 x larger than that of Au™, which has
1/3 the mass. These results can be investigated further
using Monte-Carlo computational modeling methods [34].
The stopping and range of ions in matter (SRIM) 2011
software was used to model the ion-atom collisions of
U;05 with Ga™, Au™, Au,™ and Aus™. This computational
approach deviates from our experimental setup in two
significant aspects. First, the model contains a stoichiom-
etric arrangement of U and O atoms with the density and
surface binding energy of U;Og, but without treatment of
chemical bonding configurations. Secondly, SRIM only
models monatomic primary ions; therefore, the cluster ions
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Table 1 Conversion of the experimentally measured ion signals to the actual number of sputtered neutrals within the laser volume using the

saturation ionization technique

o (cm?) Ion signals Sputtered neutrals

Ga* Au™ Au,t Aust Ga* Au™ Au,™ Aug™
U 2.1 x 1071 30,628 35,972 11,770 1,709 30,692 36,047 11,794 1,713
uo 2.0 x 1072 96,698 149,976 66,064 20,657 508,934 789,344 347,704 108,721
U0, 3.0 x 1072 110,194 203,899 120,721 81,364 229,570 424,788 251,501 169,508
Uo/u 3.16 4.17 5.61 12.09 165.82 218.98 294.80 634.84
UO,/U 3.60 5.67 10.26 47.61 74.80 117.84 213.24 989.80

% Composition of uranium atoms 0.42 0.30 0.20 0.06

Photoionization cross-sections (¢) for U, UO and UO, neutrals are listed. The M/F ratios using UO" and UO,™ as parent ions and U™ as the
fragment ion are shown for each primary ion using the ion signals and the calculated number of sputtered neutrals. The percentage of U atoms in

the sputtered flux for each primary ion is indicated
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Fig. 2 M/F ratios for Ga™, Au™, Au,* and Au;™ where the parent
mass is either UO, (triangles) or UO (circles) and the fragment mass
is always U

were approximated by running the simulation at mon-
atomic kinetic energies reduced by the cluster nuclearity;
i.e. 15 keV Au," and Aus' were approximated by Au™ at
7.5 and 5 keV respectively. This method for approximating
cluster ion sputtering has been shown to be valid for
materials with large sublimation energies where the non-
linear sputter yield enhancements are small [35]. Although
it is not possible to make a direct comparison to the
experimental results, the data provided by the SRIM cal-
culation provides valuable insight into the mechanism of
energy transfer between the primary ion and the target
atoms.

The data in Fig. 3 from the SRIM simulations show the
number of direct knock-ons of the primary ion with target
atoms as a function of depth from the surface. Here we can
see that the total number of knock-ons increases as a
function of primary ion mass and nuclearity allowing for
more direct transfer of energy from the primary ion to the
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Fig. 3 SRIM calculations of the number of direct knock-ons of Auz™
(solid), Au,™ (dash), Au™ (dash-dot) and Ga™ (dash-dot-dot) with
U;0g target atoms as a function of sample depth

target atoms. Additionally, the sampling depth of these
knock-ons becomes shallower with increasing primary ion
mass and nuclearity, indicating that cluster ions deposit
energy much closer to the sample surface than monatomic
ions.

Figure 4 shows that although the total energy imparted
to the sputtered flux increases, the energy per secondary
species decreases with increasing primary ion mass and
nuclearity. This observation provides a direct correlation
between the experimental measurements and the compu-
tational model. As the primary ion mass and nuclearity
increases, the probability of direct knock-ons with the
target atoms increases and more energy is imparted from
the primary ion to the target atoms. However, because the
sputter yield increases as well, the total energy imparted
from the primary ion is partitioned over a much larger
sputtered flux causing the energy per secondary species to
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Fig. 4 SRIM calculations of the total energy (eV) of the sputtered
flux (circles) versus the energy (eV) per sputtered atom (triangles) for
Ga™', Aut, Au,* and Aus™. The left and right axes indicated by the
arrows are associated with the circles and triangles respectively. The
lines through the data points are to guide the eye and do not represent
a fit to the data

decrease. Less energy per secondary species means less
energy available to break U-O bonds and, therefore, less
fragmentation of UO4 molecules. This computational result
corroborates the experimental data showing increased M/F
ratios as a function of increased primary ion mass and
nuclearity. Although not a true quantitative argument,
qualitatively the experimental and computational trends
show significant agreement.

In addition to the energy distribution of the sputtered
flux, the build-up of sub-surface chemical damage is
known to increase the amount of molecular fragmentation
observed during subsequent analyses [36—39]. This result
has primarily been observed under dynamic sputtering
conditions, but can be replicated for pulsed analysis by
increasing the primary ion duty cycle. In a typical RIMS
experiment, the primary ion pulse lasts for 300-500 ns.
After ~250 ps, all of the Ut and UO,™" ions have tra-
versed the flight tube and have reached the detector. At a
repetition rate of 1 kHz, this means that there is a 750 ps
wait until the next ion pulse starts the subsequent analysis.
During this time, the ion gun can be operated continuously
to increase the primary ion duty cycle of each analysis
cycle to a maximum of 50 %; this limit is imposed by our
high voltage power supplies, not by the available time
window.

Figure 5 illustrates the dependence of UO,/U as a
function of primary ion dose for Aut, Au,™ and Aus™.
From this data we see that the extent of fragmentation
increases with increased primary ion dose. This is primarily
a result of chemical damage build-up by the continuous
sputtering portion of each analysis cycle. The observed
behavior can be fit to the following equation:

500 v T v T v T T T
.
A Au,
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300 -
L
=
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0k T T T T T T T T T
0 1 2 3 4 5

lon Dose (ions/cm® x10°)

Fig. 5 M/F ratios for Aus™ (triangles), Au," (diamonds) and Au™
(circles) versus primary ion dose. Solid lines indicate the least squares
fit of each data set to Eq. 1

V= Vss + (VO - yss) exp(_gff) (1)

where y is the measured UO,/U with 7¢, and ), being the
initial (designated by the minimum ion dose) and steady-
state (the point at which increased ion dose does not
decrease the UO,/U further) values, respectively, oy (cm?)
is the fragmentation cross-section and f is the primary ion
fluence (ions/cmz). The fragmentation cross-sections were
determined to be 1.98 x 107> cmz, 2.08 x 107> cm? and
1.92 x 107> cm? for Au™, Au,™ and Aus™ respectively.
We speculate that these data result from a convolution of
projectile dependent molecular fragmentation and ion-
induced preferential sputtering of oxygen from the U;Og
matrix at high ion doses [40]. Therefore, as the surface
becomes chemically reduced, the amount of U atoms in the
sputtered flux, which is indicative of the surface compo-
sition, increases with increased ion dose. The number of U
atoms in the sputtered flux is further increased by pro-
jectile dependent molecular fragmentation from the sub-
sequent analysis beam. In our experiment, the analysis
beam and the reducing beam are the same projectile
operated under different sputter conditions. We plan to
verify our hypothesis by experiments where the analysis
beam and the reducing beam are decoupled from one
another. Unfortunately, a direct correlation between M/F
and useful yield cannot be made because the ions generated
during the dynamic portion of the analysis are not being
detected. However, it is likely that this observation
accounts for some of the discrepancy in useful yield
measurement observed between pulsed RIMS experiments
and dynamic SIMS experiments.
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Conclusion

The primary ion dependence of fragmentation of UOy
molecules has been investigated. The results show that
molecular fragmentation is decreased as the mass and nu-
clearity of the primary ion increases. SRIM calculations
show that cluster ions deposit the majority of their energy
closer to the target surface than monatomic ions. Although
the transfer of energy from the cluster ions to the target atoms
is more efficient, increased sputter yields partition the pri-
mary ion energy over a larger number of ejected species,
resulting in less energy per sputtered molecule. Lowering the
energy per molecule as a function of primary ion mass and
nuclearity decreases the probability of molecular fragmen-
tation and is characterized by the increased M/F ratios
observed experimentally. In addition, the extent of molecu-
lar fragmentation as a function of ion dose was evaluated for
several primary ions. Molecular fragmentation increases as
the ion dose increases, and the relative amount of increase is
projectile independent. These data suggest that sub-surface
chemical damage caused by ion sputtering results in more U
atoms in the sputtered flux of subsequent ion impacts. It is
likely that RIMS measurements taken at higher ion doses
will result in an increased useful yield of U atoms from U;0g
matrices.
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